Kupfer-type immunological synapses are thought to mediate intercellular communication between antiviral T cells and virally infected target Ag-presenting brain cells in vivo during an antiviral brain immune response. This hypothesis predicts that formation of Kupfer-type immunological synapses is necessary for polarized distribution of effector molecules, and their directed secretion toward the target cells. However, no studies have been published testing the hypothesis that cytokines can only form polarized clusters at Kupfer-type immunological synapses. Here, we show that IFN-␥ and granzyme-B cluster in a polarized fashion at contacts between T cells and infected astrocytes in vivo. In some cases these clusters were found in Kupfer-type immunological synapses between T cells and infected astrocytes, but we also detected polarized IFN-␥ at synaptic immunological contacts which did not form Kupfer-type immunological synaptic junctions, i.e., in the absence of polarization of TCR or LFA-1. This indicates that TCR signaling, which leads to the production, polarization, and eventual directed secretion of effector molecules such as IFN-␥, occurs following the formation of both Kupfer-type and non-Kupfer type immunological synaptic junctions between T cells and virally infected target astrocytes in vivo.
W e have recently shown that effector CD8
ϩ T cells establish characteristic Kupfer-type immunological synapses in vivo with adenovirally infected brain astrocytes during their clearance from the brain (1). Kupfer-type immunological synapses are characterized by the polarized distribution of LFA-1 and TCR to form the supramolecular activation clusters (SMAC) 4 at the T cell membrane facing the synaptic interface. LFA-1 becomes concentrated to an outer ring called the peripheral-SMAC (p-SMAC), whereas TCR concentrates in the inner region, the central-SMAC (c-SMAC) (1-3). The microtubule organizer center (MTOC) and Golgi apparatus of T cells also reorient toward the immunological synapse (4, 5) . This reorganization of T cell structure and the formation of immunological synapses is thought to direct secretion of effector molecules, such that IFN-␥ and granzyme B are secreted through the immunological synapse, whereas TNF-␣ is secreted outside of the immunological synapse (6) . However, whether directed targeting of T cell effector molecules can occur in vivo, and whether this depends on the formation of a Kupfer-type immunological synapse in the context of an antiviral immune response in vivo remains unknown. Immunological synapses are thought to be the microanatomical structure underlying intercellular communication in the immune system (1, 7, 8) . They form between naive T cells and dendritic cells during T cell priming, and between CD4 ϩ and CD8 ϩ T cells and target cells during the effector stage of the immune response. However, most work in this field so far has used in vitro models to study the formation and function of immunological synapses (2, 6, 7, 9 -19) . During the formation of immunological synapses T cells become polarized and oriented toward the interface with the target cells (6, 9) ; at the interface T cells form a central and peripheral supramolecular activation cluster (c-SMAC and p-SMAC) (2, 3, 7, 10) , and redistribute their entire cytoplasm and organelles toward the synaptic interface.
There has been some controversy as to whether the term immunological synapse should only be applied to Kupfer-type junctions displaying the c-SMAC and p-SMAC, or whether the term should be applied more generally to the interface formed between immune cells, or between immune cells and their target cells (11) (12) (13) (14) . Furthermore, T cell activation and effector functions have been proposed to proceed in the presence or absence of the morphological differentiation of the SMACs characteristic features of the Kupfer-type synapses (8, (11) (12) (13) 32) . Thus, it has been recently proposed that the term immunological synapse be used in a more general way to describe all interfaces between immune cells, and the term Kupfertype synapse be used for those structures displaying SMACs (14) . Therefore, as recently proposed, we decided to reserve the term 'Kupfer-type' immunological synapse to designate immune interfaces establishing SMACs, and use 'non-Kupfer type' contact to refer to all other junctions formed by T cells and their target cells in the brain (14) . Previously, we have been able to show that bona fide Kupfertype immunological synapses exist in vivo in the brain during the clearance of infected astrocytes by CD8 ϩ T cells. During the antiadenoviral immune response in rats CD8
ϩ T cells peak in the brain fourteen days after anti-adenoviral immunization, while CD4 ϩ T cells peak at thirty days postimmunization. Furthermore, only CD8 ϩ T cells infiltrate the brain parenchyma, while CD4 ϩ T cells remain within the perivascular compartment (1). CD8
ϩ CTLs infiltrate the brain parenchyma, interact with target astrocytes, with which they establish Kupfer-type intercellular junctions. As a consequence of cognate Ag recognition on target cells' MHC, the TCR triggers T cell activation, leading to the phosphorylation of Lck and ZAP-70 and their congregation at synaptic junctions (1, (15) (16) (17) (18) (19) . T cell activation is known to lead to the production and secretion of effector molecules IFN-␥, perforin and granzyme-B (6, 20 -22) . The relationship between the structural reorganization of T cells and its functional outcomes, and their dependence on the formation of Kupfer-type immunological synapses is currently under much investigation (7) .
To explore the interaction between T cells and target cells in vivo we have used a well known model in rats in which adenoviral infected astrocytes in the brain are cleared by T cells (1) . In this model a recombinant replication-defective adenovirus is used to infect mostly brain astrocytes. Infected astrocytes can be recognized because they express a gene, herpes-simplex virus thymidine kinase (HSV1-TK), only expressed by the adenovirus. A systemic anti-adenovirus immune response is then stimulated through the immunization with adenovirus; this results in the infiltration of the brain with antiviral T cells, and the eventual clearing of infected brain astrocytes (1) . We have previously demonstrated that T cells specifically activated against adenovirus form Kupfer-type effector immunological synapses with adenovirally infected astrocytes (1) . This model has allowed us to study in vivo immunological synapses forming SMAC and the interactions between CTLs and target astrocytes that we believe eventually lead to the clearance of infected astrocytes (1) .
Previous work in vitro has questioned whether Kupfer-type synapses were necessary for CTL killing (12, 23, 24) ; i.e., whether the formation of a morphological identifiable immunological synapse is necessary for effector T cell function (9, 32) . Herein we tested the hypothesis that effector molecules such as IFN-␥ and granzyme-B are polarized in T cells that form Kupfer-type junctions with target astrocytes. In the present work we demonstrate that both IFN-␥ and granzyme-B become polarized and clustered at immunological synapses in vivo between CD8 ϩ T cells and virally infected astrocytes. Intriguingly, IFN-␥ was also polarized at intercellular junctions between T cells and infected astrocytes that formed non-Kupfer immunological synaptic contacts, i.e., in the absence of SMAC formation by LFA-1 and TCR. Our data suggest that full activation, and potential directed secretion of effector molecules from T cells toward target cells, may occur at either Kupfer or non-Kupfer immunological synaptic junctions.
Materials and Methods

Adenoviral vectors
Adenoviruses used in this study were first-generation E1/E3-deleted recombinant adenovirus vectors based on adenovirus type 5. RAdTK (expressing herpes simplex virus type I thymidine kinase, HSV1-TK) and RAdHPRT (expressing hypoxanthine-guanine phosphoribosyl-transferase), contain the hCMV promoter; their construction has been described in detail elsewhere (25) .
Animals, surgical procedures, viruses
Adult male Sprague-Dawley rats (250g body weight) (Charles River) were used according to CSMC's IACUC-approved protocols. A total of 35 animals were injected unilaterally in the left striatum with 1 ϫ 10 7 i.u. of RAdTK in a volume of 1 l at day 0 to infect astrocytes with adenoviral vector. One month later, rats were anesthetized briefly and injected intradermally with 100 l of either sterile saline (n ϭ 10, [not-immunized]), or 5 ϫ 10 8 infectious units of RAdHPRT (n ϭ 25, [immunized]). Animals were sacrificed 14 days after immunization which is the time point of maximum infiltration of CD8 T cells in the brain parenchyma and the maximum peak of interaction between virally infected cells and T cells (1) . Animals were anesthetized by overdose and transcardially perfused-fixed with 200 -500 ml of oxygenated Tyrode solution. Immediately afterward, animals were perfused with 4% paraformaldehyde to fix the brain. Brains were sectioned on a vibratome (Leica Instruments, Exton, PA) at 50 m section thickness.
Immunocytochemical procedures and confocal analysis
Coronal brain sections (50 m) were cut serially through the striatum, and immunofluorescence detection was performed as described (1, 26) , using the following primary Abs recognizing: TK (1:10,000; rabbit polyclonal, custom made by our laboratory) (1, 25) , TK (1:1,000; chicken polyclonal, custom made by AvesLabs Inc.) (27) , LFA-1 (1:500; mouse monoclonal, IgG2a, BD PharMingen, clone WT.1), TCR (1:100; mouse monoclonal anti-TCR␣␤, IgG1, BD PharMingen, clone R73), IFN-␥ (1:100; goat polyclonal anti-rat IFN-␥, R&D systems), granzyme-B (prediluted; rabbit polyclonal Abcam), and macrophages/activated microglia (mouse anti-ED1;1: 1,000, Serotec, clone ED1).
Immunocytochemical detection methods were optimized during preliminary experiments to achieve full and homogenous Ab penetration throughout the total thickness of vibratome sections. Adjacent 50 m thick sections of each brain were pretreated with citrate buffer for 30 min at 65°C to increase Ag retrieval and penetration of the Abs into the tissues. Specifically for anti IFN-␥ Ab, sections were pretreated with trypsin 0.05% for 10 min at 37°C and for granzyme-B Ab sections were boiled in citrate buffer during 10 min. Sections were blocked with 1% Triton X-100 for 5 min and 10% normal horse serum in 0.1 M PBS, pH 7.4, for 60 min. Sections were incubated at room temperature for 48h with primary Abs. For multiple labeling immunocytochemistry the incubation with primary Ab was followed by 4 h of incubation with the appropriate secondary Abs, Alexa 488, Alexa 546, Alexa 594 and/or Alexa 647 (1:1,000; Molecular Probes). After washing, sections were incubated with DAPI solution for 30 min. Sections were washed, mounted, and examined with fluorescence microscopy (Zeiss), and analyzed with the confocal microscope (Leica).
Brain sections were examined using a Leica DMIRE2 confocal microscope (Leica Microsystems, Exton, PA) with 63ϫ oil objective and Leica Confocal Software (Leica Microsystems Heidelberg 19 GmbH). A series range for each section was determined by setting an upper and lower threshold using the Z/Y position for spatial image series setting, and confocal microscope settings were established and maintained by Leica and local technicians for optimal resolution. Contacts were defined as areas where colocalization of both markers occurs between two cells in at least two 0.5 m thick optical sections. Contacts can also be illustrated as they appear throughout the stack of sections as a simple 0.5 m layer or as a transparency of all layers merged together.
Three dimensional reconstructions to allow rotation of the images were rendered with ␣ blending software (custom made by KW). Brain sections from 35 animals were studied; Ͼ200 immunological synapses at various stages of development were recorded and analyzed in detail.
Quantifications
In total the data described reflect the analysis of Ͼ200 immunological synapses. In detail, the numbers examined are given in each 
Statistical analysis
Data were expressed as mean Ϯ SEM and evaluated by one-way ANOVA (followed by Tukey's test) or Student's t test. Differences were considered significant if p Ͻ 0.05.
Results
IFN-␥ is polarized in T cells forming Kupfer-type immunological synapses; supramolecular activation clusters are stable structures at Kupfer-type immunological synapses
To determine whether T cell effector molecules would be targeted in a polarized manner toward the interface of immunological synapses we studied the distribution of IFN-␥ in T cells establishing immunological synaptic contacts with infected brain astrocytes. A total of 21 immunological synapses formed by T cells and expressing IFN-␥ could be reconstructed, and were examined in detail. IFN-␥ was polarized to the interface of T cells establishing close contacts with adenovirally infected astrocytes. IFN-␥ immunoreactivity formed a cluster at the contact interface. Polarized IFN-␥ immunoreactive clusters were detected in T cells establishing the typical polarized distribution of TCR in the c-SMAC, and LFA-1 throughout the p-SMAC, characteristic of the Kupfer-type immunological synapses (synapse 1 and 2 in Fig. 1A) .
The organization of LFA-1 immunoreactive p-SMAC and TCR immunoreactive c-SMAC, and their relationship to infected astrocytes, were analyzed quantitatively on Ͼ200 immunological synapses. IFN-␥-immunoreactive clusters were analyzed in 21 immunological synapses that were immunoreactive for either IFN-␥ and LFA-1 or IFN-␥ and TCR, and were tightly apposed to infected astrocytes. The extent of the external boundary of the LFA-1 ring was used to determine the diameter of the interface (I in Fig. 1B, C) . The region within the internal ring of LFA-1 (which is devoid of LFA-1) was considered the c-SMAC (Fig. 1B, C) . Quantitative analysis indicated that the Kupfer-type immunological synaptic interface in vivo extends over 8.4 Ϯ 0.5 m diameter (Fig. 1B) . The p-SMAC, labeled by LFA-1, occupies a ring of approximately 2 m diameter, delineating the c-SMAC as a region of 4 Ϯ 0.2 m diameter. Within the c-SMAC, the area occupied by TCR and IFN-␥ was 3.6 Ϯ 0.2 and 2.6 Ϯ 0.2 respectively (Fig. 1B) . A detailed analysis of these interfaces revealed that IFN-␥ localizes to an intracellular location that overlaps with the c-SMAC (identified by TCR), and is central to the p-SMAC LFA-1 ring. These measurements displayed a small statistical error, regardless of the different LFA-1 ring shapes (Fig. 1D) , indicating the stability of the c-SMAC structure. B shows a schematic of the method to quantitate the diameter of the various constituents of the Kupfer-type immunological synapses. The diameter of the interface (I) at mature immunological synapses was defined by the external limit of the LFA-1 ring (p-SMAC), the diameter of the c-SMAC was defined by the internal boundary of LFA-1, the diameter of TCR cluster was determined by TCR expression, and the diameter of the area occupied by IFN-␥ immunoreactivity was also measured. *, p Ͻ 0.05 with respect to C, indicating that the area occupied by IFN-␥ is smaller than the c-SMAC; †, p Ͻ 0.05 with respect to IFN-␥, TCR and C, indicating that c-SMAC, and the immunoreactivity of TCR and IFN-␥ were smaller than the p-SMAC. No statistical difference was found between TCR and c-SMAC quantitation. C shows that the average diameter of the synaptic interface (I) was ϳ8 m, the diameter of c-SMAC was ϳ4 m. The IFN-␥ cluster displayed a smaller diameter (ϳ2.6 m) significantly different from the c-SMAC. D illustrates the various morphologies adopted by the p-SMAC, defined by LFA-1 immunoreactivity. Measurements of LFA-1 (used to calculate pSMAC and c-SMAC) were taken using the confocal software, and are based on the quantification of 39 synapses; the quantification of the IFN-␥ and TCR in Kupfer-type synapses is from 7 immunological synapses. 
IFN-␥ is also polarized in T cells forming non-Kupfer-type immunological synaptic contacts
Quantitative analysis of the relative fluorescence and three dimensional reconstructions demonstrate the formation of central clusters of IFN-␥ directly at the intercellular interfaces of immunological synaptic contacts between T cells and infected astrocytes (synapse 3 and 4 in Fig. 3A) . TCR occupied an area of 4.2 Ϯ 0.5 m, LFA-1, 3.7 Ϯ 0.5 m, and IFN-␥ 2.6 Ϯ 0.2 m (Fig. 3B, C) . Thus, IFN-␥ clusters are present in both types of synaptic junctions. The presence or absence of a c-SMAC or p-SMAC does not seem to influence formation of polarized clusters of IFN-␥. Importantly, the size of the area occupied by IFN-␥ immunoreactivity is significantly larger in non-Kupfer type synapses compared with those exhibiting the Kupfer-type (Fig. 5B) . Fig. 4 are still frames from Supplementary Movie 2 showing the 3-D reconstruction of Synapse 3 depicted in Fig. 3A .
Immunological synapses localize preferentially to the cell bodies of infected Ag presenting astrocytes
Astrocytes are multipolar cells. In principle, immunological synapses could be formed onto either the cell bodies and/or the cellular processes of infected astrocytes. A qualitative analysis indicated that we could detect Kupfer-type immunological synapses on both cell bodies and astrocyte processes. To establish whether there was any preference in the anatomical positioning of immunological synapses, we quantified the location of 143 immunological synapses between CTLs and infected astrocytes (Fig.  5A) . Immunological synapses were defined as close appositions between T cells and infected astrocytes, in which membrane contacts could be visualized in two to three adjacent 0.5-1 m optical confocal sections. Kupfer-type immunological synapses were characterized by TCR-immunoreactivity focused onto a polarized c-SMAC, or LFA-1 immunoreactivity distributed in a typical p-SMAC ring.
A detailed quantitative analysis (illustrated in Fig. 5 ) of the distribution and characteristics of all immunological synapses indicated that the majority (approx. 70%) were established with the cell bodies of infected astrocytes. Of these, 64% were Kupfer-type synaptic contacts, and 36% formed non-Kupfer type junctions. Of the total amount of synaptic contacts formed onto astrocyte processes (31% of total), half were Kupfer-type. Thus, the majority of immunological synapses were established onto the cell body of infected astrocytes, and 64% of those were Kupfer-type, while those established onto astrocyte processes only 50% are Kupfertype. Overall, 60% of the total number of immunological synapses are of the Kupfer-type.
Surprisingly, an analysis of the synapses displaying IFN-␥ clusters showed an almost inverse distribution (Fig. 5A) . Here a majority (71%) of IFN-␥ containing synapses were established onto astrocyte processes, and the majority of these were of the non-Kupfer type.
Thus, the population of IFN-␥ immunoreactive immunological synapses appears to be a subtype (either morphological, or most likely functional) of all immunological synapses, with most being established onto the astrocyte processes, and most being of the non-Kupfer type. Also, an analysis of the total amount of T cells within the brain, indicated that only approximately 19% expressed Merged images of DAPI (b1), IFN-␥ (c1), TCR (d1), and the infected cell (d1) illustrating the polarized distribution of IFN-␥ (green) at the immunological synaptic contact with the virally infected cell process. h1, Fluorescence intensity graph of IFN-␥ (green) and TCR (red) along the cell outline (white line, g1); notice that the highest levels of IFN-␥ are located centrally. i1, 3-D images were reconstructed along the interface (yellow line) and viewed en face (from the direction of the white arrow) to reveal polarized distribution of IFN-␥ (j1, green) and peripheral distribution of TCR (k1, red). l1, Merged 3-D reconstructed image showing the localization of IFN-␥ at the immunological synaptic contact. a2, A three dimensional composite of the stack of confocal images at low power throughout the tissue section illustrating T cells (LFA-1, red) in close apposition with a process of a virally infected cell (HSV1-TK, white). b2-f2, High power confocal images of the area outlined in the yellow box (a2) showing nuclei (blue, DAPI), IFN-␥ (green), LFA-1 (red), and a virally infected cell (HSV1-TK, white). f2, Merged images of DAPI (b2), IFN-␥ (c2), LFA-1 (d2), and the infected cell (e2) illustrating the polarized distribution of IFN-␥ (green) at the immunological synaptic contact with the virally infected cell process. h2, Fluorescence intensity graph of IFN-␥ (green) and LFA-1 (red) along the cell outline (white line, g2) demonstrating the highest levels of intensity of IFN-␥ located centrally. i2, 3-D images were reconstructed along the interface (yellow line) and viewed en face (from the direction of the white arrow) to reveal centrally polarized distribution of IFN-␥ (j2, green) and LFA-1 (k2, red). l2, Merged 3-D reconstructed images showing the central localization of IFN-␥. Scale bar (f1) ϭ 10 m. B shows a schematic of the method to quantitate the diameter of the various constituents of the non-Kupfer type immunological synaptic contacts. The diameter of the synaptic interface (I) at non-Kupfer type immunological synaptic contacts was defined by the external limit of TCR distribution, the diameters of LFA-1 distribution and IFN-␥ clusters were determined by their specific immunoreactivity. No statistical difference was found between the measurements. The results are based on the quantification of 13 non-Kupfer type synaptic contacts displaying polarized IFN-␥. C shows the average diameter of the synaptic interface (I) was ϳ4.2 m, the average diameter of LFA-1 distribution was ϳ4 m. The IFN-␥ cluster displayed a smaller diameter (2.6 m). IFN-␥, a lower percentage than those containing phosphorylated-ZAP-70 (Fig. 5C) .
Polarization of granzyme-B immunoreactivity toward infected astrocytes, and evidence of in vivo cytotoxicity of virally infected brain cells
We also studied the distribution of granzyme-B during the immune mediated clearance of infected astrocytes (Fig. 6A) . As with IFN-␥, we could detect a polarized distribution of granzyme-B toward infected astrocytes (Fig. 6B) . The polarized distribution of granzyme-B is one known mechanism of T cell mediated cytotoxicity. That T cell killing of astrocytes in the CNS is ongoing, is suggested by the increase in the number of activated macrophages/ microglia in the areas of brain inflammation during the clearance of virally infected astrocytes. Further, we could detect activated macrophages/microglia containing HSV1-TK, a protein exclusively expressed in infected astrocytes (Fig. 6C) . Because activated macrophages/microglia containing HSV1-TK are never detected in the absence of immune infiltration, this suggests that macrophages have phagocytosed dead infected astrocytes.
Discussion
The detailed dynamics of the anti-adenoviral immune response in the brain were described by us earlier (1). In our model the peak , 71%) ; of those, most were non-Kupfer type contacts (92%). Of all synaptic contacts containing IFN-␥, four could not be assigned to either the Kupfer or non-Kupfer category; therefore, a total of 21 synaptic contacts containing IFN-␥ were localized to either cell bodies or processes, although only 17 could be classified as Kupfer or non-Kupfer. Interestingly, the distribution of a large population of immunological synapses was different; i.e., the majority were localized to the cell body (n ϭ 99, 69%); of these, most displayed Kupfer type morphology (n ϭ 63, 64%). Immunological synaptic contacts localized on distal processes (n ϭ 44, 31%) displayed an equal proportion of either Kupfer-type or nonKupfer-type morphology. B, Detailed confocal analysis reveals that the area occupied by IFN-␥ clusters (green) is significantly larger in nonKupfer type synaptic contacts compared with Kupfer-type contacts (*, p Ͻ 0.05, Student's t test). C, Approximately 20% of all brain-infiltrating T cells expressed IFN-␥; while 71% were immunoreactive for p-ZAP-70. influx of CD8 ϩ T cells into the brain occurs 14 days post immunization, while the peak influx of CD4 ϩ T cells occurs at day 30. Furthermore, the vast majority of CD4 ϩ T cells remain mostly within the perivascular compartment (1) . All experiments conducted herein were done in animals 14 days post immunization; at this time point T cells infiltrating the striatum and establishing immunological synapses with infected astrocytes are CD8 ϩ T cells. Further, we have also previously shown that infected astrocytes express MHC-I (1); however, the presence of MHC-II expression on astrocytes remains inconclusive.
Also, we have previously characterized in detail the brain cell types expressing HSV1-TK from our adenoviral vectors. More than 85% of cells expressing HSV1-TK were astrocytes while none contained the neuronal marker NeuN; additionally, we have been consistently unable to detect expression of HSV1-TK within microglia/macrophages (1). All previously described immunological synapses at day 14 postimmunization had been formed between CD8
ϩ T cells and infected astrocytes. Taken together, published data support the assertion that the immunological synapses described herein are formed between antiviral CD8 ϩ T cells and virally infected astrocytes.
In the present work we demonstrate that during the clearance of virally infected astrocytes from the brain effector molecules of CTLs, IFN-␥ and granzyme-B, are polarized toward the immunological synaptic junction formed in vivo, between the antiviral T cells and the infected brain astrocytes (5, 9, 28 -31) . Importantly, we demonstrate that while IFN-␥ polarization was detected within Kupfer-type immunological synapses, it can also be found within non-Kupfer type synaptic contacts that lack the typical organization of the c-SMAC and p-SMAC. This clearly indicates that the formation of a Kupfer-type immunological synapse is not necessary for the polarized targeting, and potential secretion, of effector cytokines and enzymes toward the immunological synaptic junction between the CTL and the target virally infected astrocytes in vivo.
We also established that the majority of immunological synapses formed by T cells are Kupfer-type junctions, and that these are mainly formed onto the cell bodies of target astrocytes. Synapses containing polarized IFN-␥ clusters, however, formed mainly non-Kupfer type synapses, and most of these were established onto the astrocytes' processes. Whether non-Kupfer type junctions become Kupfer-type (or vice-versa), or whether the anatomical site of synapse formation is stochastic, remains to be determined by future live analysis of synapse formation in our model.
IFN-␥ expression in immunological synapses was polarized, and this correlates with previous results obtained in vitro (6) ; in vivo, IFN-␥ was polarized at the synaptic interface of both Kupfer-type, and non-Kupfer type synaptic junctions. In our in vivo model, granzyme-B was also found polarized to the synaptic contact interface confirming the potential directional secretion of effector molecules at immunological synapses in vivo. Other cytokines, such as TNF-␣, have a different pattern of secretion in vitro (i.e., TNF-␣ is secreted outside of the synaptic interface) (6) . Interestingly, the percentage of immunological synapses that contained IFN-␥ clusters was lower than the percentage of immunological synapses that showed TCR activation (i.e., containing p-ZAP-70). This could either indicate that activation of different types of T cells utilize different effector molecules, or that in the brain TCR activation does not necessarily lead to production of effector molecules in all T cells. Alternatively, it could indicate that IFN-␥ can only be detected over a short period. The detailed kinetics of activation, arming, and function of immunological synapses in the brain in vivo, will require the development of novel techniques to monitor simultaneously the formation of different types of immunological synapses, and their concomitant activation of TCR signaling and effector molecule deployment.
We also determined that Kupfer-type synaptic junctions appear to be very stable structures and although the shape of the T cell can be very variable, this does not appear to affect significantly the structure and size of Kupfer-type junctions. Measurements of the IFN-␥ clusters also demonstrated that IFN-␥ clusters are smaller than the space left by the LFA-1 ring (p-SMAC), or space occupied by the TCR (c-SMAC). Our results are compatible with those obtained previously in vitro indicating the existence of a secretory domain within immunological synapses formed by CTL cells in the process of an antiviral brain immune response (5, 9) .
Altogether, these results suggest that T cell activation, polarized and clustered deployment of effector molecules, and formation of immunological synapses occur in the brain in vivo during an antiviral immune response that clears infected astrocytes from the brain. Throughout, T cells become polarized toward the target cell, deploying effector molecules toward the synaptic interface, and finally secreting these toward the target Ag presenting cell. In conclusion, we found that during an antiviral brain immune response, full activation and effector function of CTLs in vivo does occur at non-Kupfer type immunological synapses, demonstrating that the classic Kupfer-type immunological synapse is not absolutely necessary for the potential polarized secretion of T cell effector molecules, and that various types of immunological synaptic structures underlie the function of antiviral CTLs in the brain in vivo during the clearance of infected cells.
A crucial aspect in the field of immunological synapses concerns the ultimate determination of the structure:function relationship of immunological synapses in vivo. It has been technically unfeasible to do so at this time due to physical limitations in microscopy and molecular methods available. In the future it will be important to develop appropriate tools to carefully correlate the temporal sequence of changes in immunological synaptic morphology (e.g., formation of p-and c-SMAC, and polarized distribution of effector molecules), with functional consequences of T cell-target cell interactions (e.g., TCR activation, effector cytokine secretion, target cell death etc.).
